Abstract. Studies were conducted over a 13 month period at four pelagic sites in eutrophic Lake Okeechobee, Florida (USA), in order to quantify carbon (C) uptake rates by size-fractionated phytoplankton, and subsequent transfers of C to zooplankton. This was accomplished using laboratory I4 C tracer methods and natural plankton assemblages. The annual biomass of picoplankton (<2 p.m), nanoplankton (2-20 u.m) and microplankton (>20 u.m) averaged 60, 389 and 100 jig C I" 1 , respectively, while corresponding rates of C uptake averaged 7,51 and 13 u.g C I"
Introduction
Pelagic carbon (C) dynamics have been a major focus of limnological research in recent decades (e.g. Hillbricht-Ilkowska, 1977; Sommer, 1989; Weisse and Stockner, 1992) . The underlying goal has been to understand better the food web that ultimately supports fish and other higher trophic levels. Much of the research has focused on complex interactions that occur near the base of the web, among phytoplankton, bacteria, protozoa and zooplankton. Several major paradigms have emerged from that work, including: (i) that picoplankton (planktonic autotrophs <2.0 u,m in diameter) can account for substantial fractions of total phytoplankton biomass and productivity (Stockner and Shortreed, 1989) ; (ii) that microzooplankton (rotifers, copepod nauplii and ciliate protozoa) can account for a considerable fraction of total zooplankton community grazing (Mazumder et al, 1990; Lair, 1991) ; and (iii) that substantial amounts of C and energy may flow through microbial-based pathways (Sanders et al, 1988) . These features may vary with trophic state. For example, the relative productivity of picoplankton appears to be higher in oligotrophic (Stockner and Shortreed, 1989) than in mesotrophic and eutrophic lakes (Sondergaard et al., 1988; Weisse, 1988; Szelag-Wasielewska, 1997) , and the relative importance of microzooplankton grazing is highest in eutrophic, cyanobacteria-dominated lakes, especially when the plankton do not include large daphnids (Gliwicz, 1990; Havens, 1991) . Microbial pathways may also become more important, relative to direct phytoplankton-zooplankton links, in hypereutrophic lakes (Gliwicz, 1990; Weisse and Stockner, 1992) .
These advances in understanding of the planktonic community have come primarily from research on temperate ecosystems, including the Laurentian Great Lakes, various smaller lakes in North America, Europe and Asia, and the marine environment. Few comparable studies have been conducted in tropical and subtropical regions. Crisman (1990) reviewed some of the features of lowland subtropical lakes, which generally are shallow, eutrophic, and have plankton dominated by large cyanobacteria and small-bodied zooplankton. Large daphnids are conspicuously absent. On the basis of conceptual models developed for European lakes nearly 30 years ago (Gliwicz, 1969) , and recently validated for temperate lakes in North America (Porter, 1997) , we predict that the conditions in subtropical lakes will result in a low efficiency of C flow in the grazing food chain.
In the present study, we tested this prediction by conducting simultaneous measurements of photosynthetic C uptake by phytoplankton and C transfers to grazing zooplankton. Ratios of zooplankton to phytoplankton C uptake were considered in the context of plankton biomass and community structure.
Method

Study site
Lake Okeechobee (Figure 1 ) is a large (A<, ~ 1800 km 2 ), shallow (z mean = 2.7 m) lake located at 26°58'N, SO^CW, at an elevation of 0.0 m above sea level. The natural lake was formed several thousand years ago during oceanic recession. It is polymictic, with temperature variation between 18°C in winter and 32°C in summer, and eutrophic, with mean total phosphorus (TP), chlorophyll a and Secchi disk values of 100 u.g I" 1 , 30 u.g I" 1 and 50 cm, respectively (Havens et al, 1994) . The phytoplankton are dominated by low-light-adapted cyanobacteria, but blooms of high-light-adapted diazotrophic taxa occur at times and locations of increased light availability (Havens et al, 1997) . The zooplankton are dominated by rotifers and calanoid copepods (Beaver and Havens, 1996) , as well as a recent immigrant -the exotic cladoceran Daphnia lumholtzii. This species reaches a length of >1.5 mm (not including spines) and, as such, is much larger than any native cladoceran found in Florida lakes (Crisman and Beaver, 1990) .
Sampling
We sampled four sites (Figure 1 ) that represented the documented range of pelagic limnological conditions in Lake Okeechobee. The North site is nutrient rich and displays high levels of algal biomass. The Central site is also nutrient rich, but displays low algal biomass due to frequent light-limiting conditions caused by wind resuspension of mud bottom sediments (Phlips et al., 1997) . The South site, located near the pelagic-littoral interface, has lower nutrient concentrations, greater light availability, and highly variable levels of algal biomass that may be controlled in part by pulse inputs of nutrients from rainfall (Phlips et al., 1994) and/or interactions between phytoplankton and benthic algae (Havens et al, 1996a) . The West site occurs in a transitional region with characteristics intermediate to those of the central lake and littoral margin zones.
Sampling was performed in August and November 1995, and January, March, May and August 1996, in order to account for seasonal variation in the measured states and rates. At each sampling site, Secchi depth was measured with a 20 cm black and white disk, and water temperature at mid-depth using a Hydrolab Surveyor water analyzer. Integrated water samples were collected using a 3-cmdiameter PVC tube that was extended from the surface to -0.5 m above the sediments. A sufficient number of tubes was collected to fill two 20 1 Nalgene carboys. From each carboy, a 100 ml aliquot was removed and fixed with acid Lugol's solution for phytoplankton enumeration. The carboys were then placed under a tarp to prevent exposure to direct sunlight until return to the laboratory. At each site, the contents of two additional carboys were passed through a 35 u.m plankton net to collect zooplankton. The collected animals were preserved with cold formalin-sucrose for enumeration and body size measurements.
Overview of tracer studies
Microscopic analyses and 14 C tracer studies were used to quantify five state variables and six rates, including: C standing stocks and uptake rates for picophytoplankton (PICO), nano-phytoplankton (NANO) and micro-phytoplankton (MICRO), C standing stocks for micro-zooplankton (MICZ) and macrozooplankton (MACZ), and C uptakes by MICZ and MACZ during grazing on phytoplankton. It was not possible to fractionate PICO from NANO for grazing studies without damaging the nanoplankton cells. Therefore, grazing rates were determined on the combined 0.2-20 jim size class, and the >20 u.m size class. The fractionation for phytoplankton followed that suggested by Sieburth et al. (1978) . Zooplankton fractionation was consistent with that used by Havens (1993) for studies of C transfer in temperate lakes. In Lake Okeechobee, preliminary studies using different mesh sizes (300, 200,100 and 40 \i.m) indicated that the >200 u.m size class (MACZ) contained >95% (by dry weight) copepod adults, copepodids and cladocerans, while the 40-200 u.m size class (MICZ) contained rotifers and nauplii.
Laboratory methods
The biomass and C content of each phytoplankton size class were determined from chlorophyll a concentrations measured on fractionated water samples. We used this approach, rather than estimating biomass directly from microscopic counts, because preliminary evaluation of phytoplankton counts gave a much higher degree of variability (among replicates of a given sample) than did chlorophyll a measurements. More importantly, the magnitude of that variability was influenced by the composition of the phytoplankton assemblages (i.e. it was lower in samples dominated by unicells, and higher in samples dominated by filaments or colonies). Nevertheless, the taxonomic composition of phytoplankton can significantly affect grazing interactions with zooplankton. Thus, we performed microscopic counts using the procedure of Lund et al. (1958) , in order to identify the numerically dominant taxa at each site.
For chlorophyll a analysis, a measured volume (generally 100 ml) of whole-lake water from each carboy was passed through a 20 jxm Nitex® screen, with the filtrate passing into a filter funnel with a Whatman GFF filter, which has an effective porosity of 0.2 u,m (Chavez et al., 1995) . The cells retained on the 20 u.m screen were back-flushed onto a GFC filter, and both filters were evacuated. These two fractions represented PICO+NANO and MICRO, respectively. A third aliquot of water was passed through a 2.0 u.m Poretics polycarbonate filter, and the filtrate collected onto a GFF filter for the determination of PICO chlorophyll. NANO chlorophyll was then calculated by difference. All chlorophyll concentrations were determined according to standard spectrophotometric methods (American Public Health Association, 1993) , after grinding with a tissue grinder and overnight acetone extraction. Phytoplankton C standing stocks were estimated using a C to chlorophyll a conversion factor of 25:1, which falls near the middle of the range reported in the literature (Banse, 1977; Bowie et al, 1985; Cloern etal., 1995) . Phytoplankton C uptake rates were determined using the standard 14 C light and dark bottle method (Vollenweider, 1974) . Production bottles (two light and one dark 150 ml borosilicate glass bottles) were spiked with 0.5 ml of [ 14 C]bicarbonate having a specific activity of 1 jxCi ml" 1 , and incubated for 2 h at ambient lake temperature and a constant irradiance of 150 \LE m~2 s" 1 . This approximates irradiance in the upper euphotic zone of the lake, and recent photosynthesis-irradiance curves (Gu et ai, 1997) indicate that rates measured herein approximate optima, rather than water column means for phytoplankton photosynthesis.
Following the incubation period, production bottles were held in a dark box and covered with ice. The water in each bottle was size fractionated, using successive 20,2.0 and 0.2 |xm porosity filters. For the two smaller size fractions, small volumes (<10 ml) were filtered, and in all cases a low vacuum (<0.1 atm) was applied, in order to minimize damage to cells. All filtration procedures were performed in near total darkness (<10 (xE m~2 s" 1 ). Filters containing phytoplankton fractions were fumed over concentrated HC1 to remove unassimilated 14 C and placed into vials with Ecolume® liquid scintillation cocktail. The samples were counted on a Rack Beta scintillation counter, with correction for background and color quenching. Carbon uptake rates (^g C Hh" 1 ) for each phytoplankton size class were calculated according to Vollenweider (1974) , with the amounts of available 12 C determined from alkalinity, pH and temperature measurements of incubated samples. Net C uptake rates were calculated as the difference between light and dark bottles.
Recently, there has been a controversy regarding whether one should size fractionate phytoplankton before or after productivity incubations. Proponents of the pre-incubation fractionation approach (Fahnenstiel et al., 1994) argue that commonly used post-incubation membrane filtration procedures damage cells and cause loss of label into smaller size fractions. Proponents of post-incubation fractionation (Fumas, 1987) argue that their approach minimizes stress to cells before incubation, which presumably could cause unnatural C uptake rates. Given the importance of the fractionation procedure to the present study, we conducted preliminary comparisons of C uptake rates using both approaches. These studies also permitted an examination of time-specific uptake rates, to confirm that a 2 h incubation was appropriate for our full-scale studies. Incubations were performed in May 1995 using water collected at the South site in Lake Okeechobee, from which split samples were fractionated either before or after incubations lasting 60, 160 and 240 min. Time-specific C uptake rates were calculated as described above.
In contrast to the results of previous studies, no significant differences were found for any size fraction between the pre-and post-incubation procedures. Furthermore, time-specific uptake rates did not vary among incubation periods. Therefore, we selected post-incubation fractionation because it is a simpler approach.
The C contents of MACZ and MICZ were estimated from microscopic counts and measurements, after fractionation with a 200 u.m Nitex® screen. For the MACZ fraction, aliquots were counted at 50x magnification until at least 400 individuals had been enumerated, and taxon densities (numbers I" 1 ) were calculated based on sample volumes (20 1) and the percentages of the volumes actually counted. If samples contained <400 individuals, entire contents were enumerated. At least 10 individuals of each taxon (copepod adults and copepodids treated as separate taxa) were also measured, and their dry weights approximated from lengths using the equations of Culver et al. (1985) . Where necessary, equations for taxa of similar body morphology were used, since that study did not include some of the species encountered in Lake Okeechobee. Taxon dry weights were converted to C content using a multiplication factor of 0.48 (Andersen and Hessen, 1991) , and population C standing stocks were determined as density times mean individual C content. The same methods were used to determine the C content of MICZ, except that counts and measurements were carried out at 100X magnification. Dry weights were determined from MICZ biovolumes, assuming that the animals had unit density and that dry weight = 0.1 wet weight (Pace and Orcutt, 1981) . Biovolumes were estimated by approximating body shapes to regular geometric solids.
Zooplankton C uptake rates were measured using the procedure of Bogdan and McNaught (1975) , as modified by Havens (1993) . The natural phytoplankton were labeled with 14 C and used as the food source for measuring community grazing rates by MICZ and MACZ fractions. On each sampling date, whole-lake water was poured through a 40 n,m Nitex® screen to remove zooplankton. One liter aliquots of the filtrate from each site were dispensed into two glass jars, one of which was spiked with 10 n-Ci of [ Prior to conducting grazing studies, zooplankton from the carboys (stored overnight in a dark room) were collected into 'grazing chambers', opaque plastic cylinders (30 cm long X 5 cm diameter) with bottoms covered with 40 or 200 n,m Nitex® screen. Transfer of the water and animals was accomplished by gentle siphoning, while the chamber was immersed in a 4 1 plastic bottle. Siphoning into the chamber continued until the bottle was full (at which time, 4 I of zooplankton had been captured inside each chamber, with phytoplankton and water passing through the mesh base). The chambers were placed in a bucket partially filled with lake water and allowed to equilibrate for -20 min.
Once the zooplankton chambers were established, phytoplankton from the same site were size fractionated. The contents of each jar of filtered lake water (one spiked with 14 C) were passed through a 20 p,m Nitex® screen, with the filtrate (PICO+NANO) exiting into a plastic beaker. The retained MICRO cells from the 14 C-labeled water were back-flushed into the unlabeled PICO+NANO fraction, while the MICRO cells from the unlabeled water were back-flushed into the 14 C-labeled PICO+NANO fraction. This procedure resulted in two complete algal assemblages that differed only in terms of the fraction carrying the 14 C label. In a preliminary control study, we conducted an isotope balance and found that the combined activity of the two size fractions accounted for at least 92% of the total activity of unfiltered water from each lake site. This provides evidence that algal cells were not ruptured during the 20 jjun size-fractionation process.
Grazing experiments commenced immediately after the algal assemblages were reconstituted and, for each site, were completed within 30 min. Measurements of size-fractionated samples collected from the algal assemblages indicated that only a small percentage of the particulate label was transferred between the two phytoplankton size classes during this time period.
To determine MACZ grazing rates, triplicate grazing chambers (200 u.m) were gently placed in each algal assemblage and grazing allowed to occur for 5 min. This time period is less than the reported gut-passage times of most crustacean and rotiferan zooplankton (Downing and Rigler, 1984) . One chamber from each triplicate set was immersed in boiling water to kill the zooplankton before the 5 min incubation. This chamber served as a control to correct for non-grazing uptake of 14 C by animals' carapaces, which can account for a considerable fraction of the total uptake (Havens, 1991) . During the incubation period, 10 ml samples of the algal assemblages were collected, filtered onto Poretics 0.2 (xm polycarbonate filters, fumed over HC1, and placed in vials with scintillation cocktail for the determination of feeding suspension activities. At the end of the grazing period, the chambers were raised from the water and the animals rinsed onto 20 jj,m nylon niters, which were immediately evacuated and placed into vials with scintillation cocktail. Activities were determined by scintillation counting with correction for background and color quenching. Carbon uptake rates were determined as:
where T is a temporal correction factor (per hour) of 12 and C is the calculated C content of the PICO+NANO or MICRO phytoplankton fraction. The same procedure was used to measure grazing by MICZ, except that 40 u.m grazing chambers were used, and grazing was measured only on the PICO+NANO algal fraction. Previous studies have shown that the microzooplankton taxa occurring in Lake Okeechobee (Keratella, Polyarthra, Brachionus, Filinia and copepod nauplii) generally do not consume filamentous and colonial MACRO algae.
In our opinion, the laboratory method used here was superior to the more commonly used in situ Haney chamber method (Haney and Hall, 1975) because our approach allowed for use of natural phytoplankton assemblages as the food source, whereas the Haney chamber approach estimates the community filtering rate (f, ml" 1 I" 1 time" 1 ) by allowing zooplankton to graze on radiolabeled 'model' algal cells. In most published studies, the model has been a small flagellate such as Chlamydomonas or Cryptomonas, which may not resemble the naturally occurring algae. To estimate the C uptake rate, one multiplies/by the measured C standing stock of natural phytoplankton (u.g C I" 1 ). The underlying assumption, that the model cells are grazed at the same rate as natural algae, may not be valid, especially if large, inedible taxa predominate. By using radiolabeled natural plankton to estimate /, we overcome this problem. Nevertheless, there are some concerns regarding this approach. First, it is possible that during the time required to radiolabel natural phytoplankton (20 h in this case), some of the label may have been excreted as dissolved organic I4 C, and subsequently taken up by bacteria and protozoa in the microbial loop. If this occurred, the calculated filtering rates may have reflected grazing on a broader size range of natural particles than desired. Nevertheless, we still view this as superior to the results based on some laboratory-cultured model. Furthermore, size fractionation of the water prior to grazing studies, as done herein, can ameliorate problems associated with label transfer from large to small particles.
Our grazing studies may also be criticized because they subjected zooplankton to unnatural conditions, which may have affected their filtering rates (Downing and Rigler, 1984) . We took care to minimize disturbance of the zooplankton, conducting all transfers of animals using gentle siphoning of water between containers, and allowing time for acclimation. To address these possible concerns, and to determine whether our grazing experiments gave rates that were comparable to those derived from a Haney chamber approach, we conducted paired measurements at all four sites during March 1996. Haney chambers were loaded with either 14 C-labeled Chlamydomonas sp. (5 p-m), to estimate filtering rates on PICO+NANO phytoplankton, or 14 C-labeled Anabaena limnetica, to estimate filtering rates on MICRO phytoplankton. Duplicate in situ grazing experiments were run for 5 min, after which we size-fractionated the MACZ and MICZ. Laboratory studies, using the natural phytoplankton as the feeding suspension, were performed as described above. When the laboratory community filtration rates (ml I" 1 h" 1 ) for animals grazing on natural PICO+NANO were compared to Haney chamber rates for animals grazing on Chlamydomonas sp., there was good agreement of results: MACZ (lab) = 0.9 ± 0.7 (SD) versus MACZ (Haney) = 0.8 ± 0.5 ml I-1 h-1 and MICZ (lab) = 0.9 ± 0.2 versus MICZ (Haney) = 1.1 ± 0.4 ml I" 1 h->. This reflects the fact that the natural NANO+PICO was strongly dominated by nanoflagellates and other similar sized nanoplankton algae, i.e. the algal model was a realistic one in this case. The similarity between laboratory and field measurements of grazing on MICRO was not as striking, although there was not a statistically significant difference. MACZ grazing on 14 C-labeled A.limnetica averaged 2.7 ± 1.5 ml H h" 1 , while in the laboratory the rate was 5.6 ± 6.0 ml H h" 1 . Because the MICRO phytoplankton fraction was dominated by relatively small colonies of Merismopedia and Aphanocapsa, high filtration rates were measured in the laboratory, while lower rates were measured using the large, and almost certainly less edible, A.limnetica. These results underscore the advantage of our approach.
Methodological limitations
Before considering the results of this investigation, certain limitations of the methods must be considered. First, it must be recognized that the C flow models derived herein are periodic 'snapshots' of the community that do not take into account possible changes of the system in response to short-term variations of forcing functions (pulse nutrient inputs, high inflow events, wind storms, etc.), or diurnal variation in phytoplankton C uptake or zooplankton grazing. Furthermore, estimates of C uptake are based on daytime measurements. Because phytoplankton take up C only during the 12-14 h of daylight, while herbivores may graze for 24 h per day, ratios of zooplankton to phytoplankton C uptake could be underestimated. However, this may be offset by the use of optimal light levels in the primary productivity incubations. The use of a fixed C to chlorophyll ratio (25:1) introduces further uncertainty, because a wide range of values (from 5 to 200:1) have been reported in the literature. In summary, the C flux models presented herein provide relatively coarse-scale information for comparing major patterns across time and space within the lake, and with other published results. They probably do not contain a sufficient level of detail (or accuracy) for constructing mechanistic models of lake C dynamics, unless additional measurements are performed.
Results
Physical conditions at the study sites
Water temperatures ranged from >30°C in August to <20°C in January ( Figure  2A ). On any given date, temperatures measured (near mid-day) at the four sites varied by <2°C. Secchi transparencies varied between 18 and 80 cm ( Figure 2B ), with the lowest values recorded in winter (November-February), the windy season in subtropical Florida, and the highest values in summer (May-September). On most occasions, transparencies were lowest at the Central site and highest at the South or North sites.
Plankton taxonomic composition
Filamentous and colonial non-heterocystous cyanobacteria (Lyngbya, Oscillatoria, Merismopedia and Microcystis) dominated the phytoplankton on most sampling dates (Table I) . However, in November and January, small nanoflagellates (3-5 ^m) were common at the North and Central sites, and in August, the diazotrophic cyanobacteria Anabaena circinalis and A.limnetica were among the dominants at the North, West and South sites.
Microzooplankton biomass was dominated by cyclopoid and calanoid nauplii, and six rotifer taxa, whose relative biomass varied with season and location (Table II) . The non-loricate Gastropus spp. were dominant only from November to March, Keratella cochlearis was a dominant from November to August, and Polyarthra vulgaris was a dominant on all sampling dates. Brachionus havanaensis and Filinia longiseta were never found at the Central pelagic site, a pattern that was identified in a more comprehensive study of zooplankton community structure between 1987 (Beaver and Havens, 1996 .
Macrozooplankton biomass was dominated by Diaptomus dorsalis in 22 out of 24 samples examined (Table III) . Cyclopoid copepodids (Acanthocyclops vernalis, Mesocyclops edax and Tropocyclops prasinus) were often co-dominant, as was the medium-sized cladoceran (0.5-1.0 mm) Diaphanosoma brachyurum. In August 1996, high densities of D.lumholtzii were recorded at the Central (12 animals I" 
Carbon flux summary
Lake-wide C fluxes (Figure 3 ), averaged over all sites and sampling dates, indicate three major features of the grazing food web: (i) MACZ dominate zooplankton biomass, but account for a similar portion of total C uptake from phytoplankton relative to MICZ; (ii) NANO dominate both the biomass and C uptake of phytoplankton; (iii) a relatively small fraction of the C taken up by phytoplankton in photosynthesis is transferred directly to zooplankton. These features were generally seen across all sites and dates, although there were some interesting exceptions (see below).
Phytoplankton biomass and carbon uptake
Total phytoplankton biomass varied from below 200 to >1800 fxg C h 1 ( Figure 4A ). There was no lake-wide seasonal pattern. On any given sampling date, maximal values were most often found at the South or West sites. In August 1996, a bloom (that included O.limnetica, A.circinalis, L.limnetica and A.limnetica) at the West site had a total biomass that was 2-fold higher than any other observation. The chlorophyll a concentration associated with this bloom was in excess of 70 p-g I" 1 . The relative contributions of three algal size classes to total phytoplankton biomass ( Figure 4B ) ranged from 0 to 55% for MICRO, from 25 to 100% for NANO and from 0 to 22% for PICO. There was not a strong seasonal pattern, although the relative contribution of NANO tended to be highest during January and March.
Phytoplankton C uptake rates displayed a weak seasonal pattern, with evidence of lower lake-wide rates in January and March, and varied from 15 to 160 jig C I" 1 h" 1 ( Figure 5A ). However, conclusions about seasonality should be considered with caution, given that only a single year of data were collected. Rates exceeding 100 u.g C I"
1 h~' occurred in every month except January and March. The high rates in August 1995, when biomass was relatively low, reflect an active phytoplankton assemblage. The relative contributions of three algal size classes to total C uptake ( Figure 5B ) ranged from 0 to 45% for MICRO, from 50 to 100% for NANO and from 0 to 45% for PICO.
Zooplankton biomass and carbon uptake
Total zooplankton biomass varied from 10 to 500 (xg C I" 1 and did not display a pronounced lake-wide seasonal pattern ( Figure 6A) . High values occurred in at least one sample in August, January, May and August, and, overall, the West site had the highest zooplankton biomass. The high values in August 1996 corresponded with the unusually high densities of D.lumholtzii at the West, Central and South sites. Densities at the West site were especially high, at >40 animals \~x. The body length of these large grazers averaged between 1.5 and 2.0 mm. The relative biomass of MICZ ranged from 10 to 95% ( Figure 6B ). The strongest dominance by MICZ was observed in March and May, while strongest MACZ dominance occurred in August 1996, coincident with the D.lumholtzii peak.
There was a weak seasonal pattern in zooplankton C uptake rates, with maximal values in August (1995 and and minimal values in January and March ( Figure 7A ). The unusually high grazing rate in August 1996 at the West station corresponded to the D.lumholtzii peak. We estimate that these animals had filtering rates in excess of 1 ml animal" 1 h" 1 . In August 1995, grazing was dominated by MICZ at three of the four stations, while during other months, MACZ were the dominant grazers, accounting for on average 60% of the C uptake ( Figure 7B ). The greatest relative contribution of MACZ to total community grazing occurred in August 1996. 
Zooplankton.-phytoplankton carbon uptake
The percentage of phytoplankton C uptake that is passed on to zooplankton has previously been used as a rough estimate of ecological transfer efficiency (Havens, 1992) , recognizing that it does not account for differential losses of C via excretion or respiration. In the present study, this transfer efficiency was 7%, when averaged over all sites and dates (Figure 8 ). There was evidence of a weak seasonal pattern, with maximal values in August and minimal values in March. Highest efficiencies corresponded with large D.lumholtz'u populations at the Central and West sites in August 1996. Ratios of zooplankton:phytoplankton biomass (data not shown here) were similarly low, averaging 12%. Biomass ratios, however, are more difficult to interpret, given the substantial differences in growth rates and generation times between phytoplankton and their grazers.
Discussion
Three general features of the Lake Okeechobee plankton web are indicated by the results of this investigation, (i) Most of the primary productivity is associated with phytoplankton >2 u>m in size, i.e. picoplankton productivity is relatively low in this eutrophic system, (ii) Although macrozooplankton are the dominant grazers, microzooplankton account for a large fraction of the total C flux from phytoplankton to zooplankton. (iii) Only a small fraction of the C taken up by the phytoplankton in photosynthesis is subsequently transferred to zooplankton in grazing. 
Picoplankton relative productivity
The relatively small contributions of picoplankton to total phytoplankton biomass and productivity in eutrophic Lake Okeechobee are consistent with the notion that picoplankton importance declines along the trophic gradient. The 11% value for relative picoplankton productivity obtained here is similar to that reported by Weisse (1988) for meso-eutrophic Lake Constance, but it is considerably lower than the 40-60% values reported by Stockner and Shortreed (1989) for oligotrophic lakes in British Columbia. Likewise, Sondergaard et al. (1988) documented that in P-and N-enriched enclosures in Lake Almind, Denmark, picoplankton accounted for <10% of total phytoplankton C uptake, but in the oligotrophic waters of the open lake, they accounted for >30%. Burns and Stockner (1991) reported a significant inverse correlation between picoplankton relative biomass and trophic state (measured as chlorophyll a) in six New Zealand lakes. Recently, Szeleg-Wasielewska (1997) found a 'significant negative correlation between picoplankton contribution to total biomass and total biomass' in Polish lakes. In highly eutrophic Lake Mikolajskie, Poland, picoplankton have been observed to account for only 1% of the total phytoplankton biomass (Jasser, 1997) .
One explanation for this relationship is that larger phytoplankton are superior competitors for nutrients (Agusti et al., 1990) or less susceptible to grazing by zooplankton (Porter, 1973) in nutrient-rich lakes, while smaller phytoplankton (picoplankton-size cells in particular) are superior competitors where nutrients are scarce (Stockner and Shortreed, 1989) .
Microzooplankton relative grazing
Microzooplankton grazing in Lake Okeechobee, as a percentage of total zooplankton community grazing, is typical of what has been reported for temperate lakes with similar limnological features. Comparable values include: 55% in shallow hypereutrophic Old Woman Creek Estuary, Ohio (Havens, 1991) ; up to 100% in eutrophic Lake Aydat, France (Lair, 1991) ; and 80% in eutrophic Star Lake, Vermont (Bogdan and Gilbert, 1982) .
Shallow, turbid eutrophic lakes with high densities of cyanobacteria are an unfavorable habitat for large Daphnia, but may support high densities of rotifers and other small herbivores (Gliwicz, 1990; Havens, 1991; Noges, 1997) . This reflects the fact that filamentous cyanobacteria can interfere with the grazing activities of large cladocerans (Gliwicz and Lampert, 1990) . Kirk and Gilbert (1990) also showed that large cladocerans are negatively affected by high concentrations of fine suspended inorganic matter (because they consume the particles, expend energy, but obtain little nutritional value), while small rotifers such as Keratella are not. Gliwicz (1986) observed that cladocerans with large amounts of clay in their guts sink more rapidly, and must expend a greater amount of energy in order to maintain their position in the water column. In Lake Okeechobee, high abiotic turbidity occurs frequently, due to wind resuspension of bottom sediments. This is a common feature of very shallow lakes (Nixdorf and Deneke, 1997) .
Two other variables, fish predation and water temperature, make eutrophic subtropical and tropical lakes unfavorable for large daphnids, but suitable for smaller zooplankton (Crisman 1990) . Conditions that are deleterious to large cladocerans may actually benefit rotifers, whose populations can be dramatically impacted by predation and mechanical damage caused by large Daphnia species (Gilbert, 1985) .
In the present study, the lowest contribution of microzooplankton to total zooplankton grazing was observed in August 1996, when the large exotic D.lumholtzii was abundant. In contrast to the native D.ambigua, D.lumholtzii can tolerate high water temperatures (Venkataraman, 1981) , and its long terminal spines may offer some protection from fish predation. The biomass of rotifers was very low on this date, especially at sites where the Daphnia occurred.
The high relative grazing rates of MICZ in August 1995 require some additional discussion, because they coincided with relatively high total zooplankton community grazing rates, low total biomasses and low relative MICZ biomasses. One possible explanation for these contrasting results is that there were additional micrograzers present in the plankton that were not quantified as part of the MICZ enumerations and biomass calculations. In particular, large ciliates were not counted here, yet they have been shown to be abundant at certain times of the year in this shallow lake (Havens and Beaver, 1997) , and the taxa that occur include large oligotrichs, which consume small phytoplankton (Hecky et ai, 1978) .
Zooplankton:phytoplankton carbon uptake
The low ratios of zooplankton to phytoplankton C uptake are consistent with the conceptual models developed for European lakes (Gliwicz, 1969 (Gliwicz, , 1990 . In the absence of large effective cladoceran grazers, there is little direct transfer of C from phytoplankton to macrozooplankton, especially when the phytoplankton are dominated by filamentous and/or colonial cyanobacteria. Microzooplankton, which accounted for a large portion of total zooplankton biomass in Lake Okeechobee, generally graze on small algal cells and bacteria (Pourriot, 1977; Gilbert and Bogdan, 1981) .
In a comparable study conducted at mesotrophic East Twin Lake, Ohio, Havens (1992) measured a transfer efficiency of near 1%. The plankton community was dominated by large cyanobacteria (Anabaena flos-aquae and Dictyosphaerum ehrenbergianum), cyclopoid and calanoid copepods, and relatively small cladocerans {Eubosmina coregoni and D.retrocurva). Lyche et al. (1996) recently constructed C budgets for the plankton of mesotrophic Svinsjoen, Norway, where the phytoplankton was dominated by diatoms and the zooplankton was dominated by cyclopoid copepods. Their model showed 58 u,g C I"
1 day 1 entering phytoplankton via photosynthesis, and 2.6 and 2.5 u,g C H day 1 passing directly to micro-and macrozooplankton, respectively. The ecological transfer efficiency calculated from these values was 11%. The authors concluded that in lakes lacking populations of large Daphnia, much of the C and energy that enter the system in phytoplankton photosynthesis are lost as algal particulate material and dissolved organic carbon, which enters the microbial loop and subsequently exits as bacterial and protozoan respiration. Recently, Noges (1997) observed that in eutrophic Lake Vortsjarv, Estonia, with cyanobacteria-dominated phytoplankton and rotifer-dominated zooplankton, the ratio of zooplankton to phytoplankton C uptake was only 2%. The author concluded that, in that lake, the 'detrital food chain is prevalent'.
In contrast, high ecological transfer efficiencies have been reported where small phytoplankton and Daphnia (even moderate-sized species) co-occurred. Gamier and Mourelatos (1991) reported a value of 75% for Certil Lake, France, where the dominant phytoplankton taxa were 'small edible' Chlamydomonas, Cryptomonas, Cyclotella and Oocystis, and the dominant zooplankton were D.cucullata and D.hyalina. Daphnia can also form an effective linkage between the microbial loop and higher trophic levels in the grazing food web (Riemann, 1985) .
Pathways for carbon flow in subtropical plankton webs
When the results of this study are placed in the context of other research conducted on subtropical Florida lakes and temperate lakes having similar plankton structures, a hypothetical model of C flow emerges (Figure 9 ). The present study demonstrated that little C flowed directly from phytoplankton to zooplankton. However, high densities of bacterioplankton and ciliate protozoa in Lake Okeechobee and other subtropical lakes (Beaver et al, 1988) suggest that the microbial loop may be a relatively more important pathway. Given the high Fig. 9 . A simple model of carbon flaxes in the pelagic food web of shallow subtropical lakes. The arrows indicate pathways that are presumed to be major (thick arrows) and minor (thin arrows). Pathways (1) and (4) are based on the results of the present study. Pathways (3), (6) and (10) are based on previous studies conducted in Lake Okeechobee (Crisman and Beaver, 1990; Havens et al, 1996b) , and all other pathways are based on published results from other eutrophic lakes, as cited in the text. Not all pathways of carbon flux are shown.
abundances of large-bodied calanoid and cyclopoid copepods encountered in the lake, important pathways may also include predation by these animals on small rotifers and nauplii, which in turn consume nanoplankton, picoplankton and bacteria (Gilbert and Bogdan, 1981) . Large calanoid copepods, in the size range encountered in Lake Okeechobee, may also graze directly on ciliate protozoa (Burns and Schallenberg, 1996) , which in turn consume pico-and nano-sized plankton.
It has been suggested (Crisman and Beaver, 1990 ) that, in subtropical lakes, fish consumption of phytoplankton is another important pathway for C flow. At present, however, this hypothesis is based solely on the results of uncontrolled experiments. When the plankton of Lake Okeechobee were excluded (inside mesocosms) from fish predation, both phytoplankton and zooplankton increased in density. This response is consistent with the fact that the fish assemblage contains a high density of gizzard shad (Dorosoma cepedianum). These fish have the ability to filter plankton over a wide size range, from large macrozooplankton to microphytoplankton, and as Crisman and Beaver (1990) noted, they 'prey upon the small-bodied macrozooplankton and feed on the algal size spectrum that would otherwise not be grazed due to the absence of large-bodied macrozooplankton'.
Recent studies of connectance webs in Lake Okeechobee (Havens etai, 1996b ) indicate that detrital resources may also represent a major source of C to higher trophic levels. Consensus is building that this is a general feature of aquatic and terrestrial food webs (Polis and Strong, 1996) .
No doubt there is a considerable amount of C reaching the higher trophic levels in Lake Okeechobee and in other subtropical lakes, because they often display high densities of fish (Crisman, 1990) , including large top predators. From a fisheries management standpoint, understanding the structure and function of the plankton food web is critical. Fisheries models based on the traditional view that zooplankton eat algae, and subsequently are eaten by fish, simply may not be effective in subtropical lakes. Furthermore, as Crisman and Beaver (1990) concluded, the recently popularized notion that phytoplankton blooms may be controlled by 'biomanipulation' offish stocks is also probably not reasonable in these lakes, where there is little capacity for the development of zooplankton large enough to graze the large cyanobacteria. One might conclude that the invasion of Florida lakes by D.lumholtzii could alter this situation, because the animals fall into the size range of daphnids shown previously to have dramatic grazing impacts on phytoplankton (Lampert et ai, 1986) . In a year-long survey of D.lumholtzii, at over 40 pelagic sites in Lake Okeechobee, we have not encountered high densities. The August 1996 event in the present study was a striking contrast, and at that time there was indeed a dramatic increase in the efficiency of transfer of phytoplankton C to zooplankton. However, at the West site, where D.lumholtzii achieved a density of >40 animals I" 1 , we also recorded >70 p,g I" 1 of chlorophyll a, due to a bloom of cyanobacteria. This finding appears to contradict the prediction that this animal can control the lake's phytoplankton; however, it reflects just one observation. More research will be needed to reach a definitive conclusion.
